Cultivated peanut (Arachis hypogaea) is an allotetraploid with closely related subgenomes of a total size of ~2.7 Gb. This makes the assembly of chromosomal pseudomolecules very challenging. As a foundation to understanding the genome of cultivated peanut, we report the genome sequences of its diploid ancestors (Arachis duranensis and Arachis ipaensis). We show that these genomes are similar to cultivated peanut's A and B subgenomes and use them to identify candidate disease resistance genes, to guide tetraploid transcript assemblies and to detect genetic exchange between cultivated peanut's subgenomes. On the basis of remarkably high DNA identity of the A. ipaensis genome and the B subgenome of cultivated peanut and biogeographic evidence, we conclude that A. ipaensis may be a direct descendant of the same population that contributed the B subgenome to cultivated peanut. A r t i c l e s npg © 2016 Nature America, Inc. All rights reserved.
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Peanut (also called groundnut; A. hypogaea L.) is a grain legume and oilseed, which is widely cultivated in tropical and subtropical regions (annual production of ~46 million tons). It has a key role in human nutrition. In Africa and Asia, more peanut is grown than any other grain legume (including soy bean) (FAOSTAT 2015; see URLs). The Arachis genus is endemic to South America and is composed mostly of diploid species (2n = 2x = 20) . A. hypogaea is an allotetraploid (AABB-type genome; 2n = 4x = 40), probably derived from a single recent hybridization event between two diploid species and polyploidization [1] [2] [3] [4] [5] [6] . Chromosomes are of mostly similar size and are metacentric, but strong chromosomal centromeric banding and one pair of small chromosomes distinguish the A from the B subgenome. Cytogenetic, phylogeographic and molecular evidence indicate A. duranensis Krapov. & W.C. Greg. and A. ipaensis Krapov. & W.C. Greg. as the donors of the A and B subgenomes, respectively 3, 5, [7] [8] [9] [10] [11] .
The peanut subgenomes are closely related 5, 12 . This, together with a total genome size of ~2.7 Gb and an estimated repetitive content of 64% (ref. 13) , makes the assembly of the peanut genome sequence very challenging. However, the A and B subgenomes appear to have undergone relatively few changes since polyploidization: genomic in situ hybridization (GISH), using genomic DNA from the diploid species as probes, clearly distinguishes A and B chromosomes and does not show large A-B mosaics 7, 8 . Also, the genome size of A. hypogaea is close to the sum of those for A. duranensis and A. ipaensis (1.25 and 1.56 Gb, respectively 14 ) , indicating that there has been no large change in genome size since polyploidy. Most notably, observations of progeny derived from crosses between cultivated peanut and an artificially induced allotetraploid A. ipaensis K30076 × A. duranensis V14167 (2n = 4x = 40) 15 strongly support the close relationships between the diploid genomes and the corresponding The genome sequences of Arachis duranensis and Arachis ipaensis, the diploid ancestors of cultivated peanut and were numbered according to previously published linkage maps 17, 19, 23, 24 . They represent 82% and 86% of the genomes, respectively, when considering genome size estimates based on flow cytometry 14, 25 , or 95% and 98% of the genomes when using estimates derived from k-mer frequencies with k = 17 ( Supplementary Figs. 13 and 14) . Comparisons of the chromosomal pseudomolecules with 14 BAC sequences from A. duranensis and 6 BAC sequences from A. ipaensis showed collinearity of contigs and high sequence identity (≥99%) (Supplementary Fig. 15a -l and Supplementary Table 9 ).
Characterization of transposons
We identified transposable elements that contributed 61.7% and 68.5% of the A. duranensis and A. ipaensis genomes, respectively (Supplementary Tables 10 and 11; PeanutBase). These values are compatible with the 64% repetitive content estimated for cultivated peanut using renaturation kinetics 13 . Most transposon families were shared by the two genomes, and, for abundant families, macroscale positioning in the two genomes seemed similar. However, because of transposon activity since the divergence of the two genomes, microscale positioning and relative abundance differed (data not shown). A few Ty3-gypsy and non-autonomous retrotransposon families were very abundant, forming dense accumulations in pericentromeres ( Fig. 1 and Supplementary Figs. 16 and 17) . These included the previously described autonomous/non-autonomous pairs FIDEL/Feral and Pipoka/Pipa, the non-autonomous Gordo 26, 27 , and the newly observed Apolo and Polo. Overall, long terminal repeat (LTR) retrotransposons comprised more than half of each genome. In contrast, DNA transposons constituted about 10%. Notably, 7.8% and 11.7% of the genomes could be attributed to long interspersed nuclear elements (LINEs) for A. duranensis and A. ipaensis, respectively. These are the highest coverages for LINEs thus far reported for plant genomes.
Gene annotation and analysis of gene duplications
Transcript assemblies were constructed using sequences expressed in diverse tissues of A. duranensis V14167, A. ipaensis K30076 and the divergence of the two species was estimated as occurring ~2.16 million years ago ( Fig. 3 and Supplementary Figs. 21 and 22 ).
Analysis of chromosomal structure and synteny
In accordance with cytogenetic observations 9,10 , most pseudomolecules had symmetrically positioned pericentromeres. Most pseudomolecules showed a one-to-one correspondence between the two species: pairs 02, 03, 04 and 10 were collinear; pairs 05, 06 and 09 were each differentiated by a large inversion in one arm of one of the pseudomolecules; and the pseudomolecules in pair 01 were differentiated by large inversions of both arms (Figs. 1 and 2, and Supplementary  Figs. 1-12 ). In contrast, chromosomes 07 and 08 have undergone complex rearrangements that transported repeat-rich DNA to A07 and gene-rich DNA to A08. As a result, A07 has only one normal (upper) euchromatic arm and A08 is abnormally small, with low repetitive content ( Fig. 4 and Supplementary Table 11 ). In accordance with cytogenetic observations 8, 26 , A08 could be assigned as the characteristic small ' A chromosome' (cytogenetic chromosome A09; Supplementary Fig. 23 ).
All A. ipaensis pseudomolecules were larger than their A. duranensis counterparts (Supplementary Table 8 ). This is partly because of a greater frequency of local duplications and higher transposon content in A. ipaensis. In dot plots of collinear chromosomes, slopes formed by orthologous genes were similar in both euchromatic and pericentromeric regions, with A. duranensis regions being ~80-90% the length of the corresponding regions in A. ipaensis ( Supplementary  Figs. 2-4 and 12) . In contrast, in the dot plots, chromosomal regions differentiated by inversions showed distinct arcs ( Fig. 1 and  Supplementary Figs. 1, 5, 6 and 11) . These arcs are due to changes in rates of DNA loss and gain 39, 40 in regions that switch from distal to pericentromeric contexts, or vice versa, when inverted (Fig. 5) . In chromosomes without inversions, there were characteristic density gradients for genes, repetitive DNA and methylation (with gene densities increasing and densities of repetitive DNA and methylation decreasing toward chromosome ends). However, in regions that had undergone large rearrangements, in A. duranensis, these gradients were disrupted (Supplementary Figs. 16, 17 and 24-27 ).
From these observations, we concluded that the major rearrangements have all occurred in the A-genome lineage. Size differences between homeologous chromosomes that were differentiated by large rearrangements tended to be greater than those between collinear ones (r(6) = 0.65, P < 0.05; Supplementary Table 14) . Because the A. duranensis chromosomes that have undergone inversions are smaller than expected, it is evident that, in this dynamic, on balance, the elimination of DNA has predominated over its accumulation. Figure 4 Schematic showing the rearrangements between chromosomes 7 and 8. These rearrangements gave rise to the small, repeat-poor chromosome, represented by pseudomolecule Aradu.A08 (equivalent to cytogenetic A09), which is characteristic of A genomes, and Aradu.A07, which has only one normal euchromatic arm (the upper one). Syntenous chromosomal segments are represented by blocks of the same color. The Ty3-gypsy and non-autonomous retroelement distributions are represented in gray. Note the low repetitive content of Aradu.A08 and the 'knob' of repeat-rich DNA in the upper distal region. This unusual composition seems likely to account for the distinct chromatin condensation of this chromosome pair (supplementary Fig. 23 ).
npg

A r t i c l e s
Comparisons with Phaseolus vulgaris L., which shared a common ancestor with Arachis about 58 million years ago, showed syntenous chromosomal segments. In some cases, although the dot plots were highly distorted, there was almost a one-to-one correspondence between chromosomes (for example, B01 and Pv03, B05 and Pv02, B06 and Pv01, and B08 and Pv05; Supplementary Figs. 28-31) .
Sequence comparisons to tetraploid cultivated peanut
Comparisons showed fundamentally one-to-one correspondences between the diploid chromosomal pseudomolecules and cultivated peanut linkage groups. Of the marker sequences from three maps 21, 41 , 83%, 83% and 94% were assigned by sequence similarity searches to the expected diploid chromosomal pseudomolecules (Supplementary Data Set 6 ). When visualized as plots along the chromosomal pseudomolecules, the diploid A-genome chromosomes were distinctly less similar to A. hypogaea sequences than the B-genome chromosomes (Fig. 6, Supplementary  Fig. 32a-t and Supplementary Data Set 9).
We found distinct signals of genetic recombination between the A and B subgenomes of A. hypogaea, and, as expected, these signals were more frequent in regions of the homeologous chromosome pairs that were collinear. This recombination erodes the similarities between the tetraploid subgenomes and their corresponding diploid genomes. We observed a significant tendency for A. hypogaea Moleculo reads that mapped to collinear A-genome pseudomolecules to have, on average, lower sequence identity than reads that mapped to pseudomolecules with inversions (Kruskal-Wallis test, P < 0. Figure 6b . In this case, the A. hypogaea B subgenome has become nullisomic and the A subgenome has become tetrasomic (producing a genome composition of AAAA instead of the expected AABB). This was confirmed by an inverse symmetry in the total number of bases mapping to the A and B genomes (Fig. 6a,b, red arrows) . This phenomenon, a degree of tetrasomic genetic behavior, has been observed in the progeny of interploidy crosses involving wild species 42 and recently in the cultivated × induced allotetraploid RILs used in this study 43 , but this is the first time, to our knowledge, that it has been observed in pure cultivated peanut. The event depicted in Figure 6 affects approximately the top 6 Mb, about half the euchromatic arms of A. hypogaea cv. Tifrunner chromosomes 05. Smaller similar events covered the bottom ~1 Mb of A02 and B02, the bottom ~0.4 Mb of A03 and B03, the bottom ~2 Mb of A06 and B06, and the top ~0.5 Mb of A09 and B09. Because of lower sequence identities, A-subgenome nullisomes were more difficult to detect; nevertheless, the bottom ~3 Mb of chromosomes 04 appeared to be nullisomic for the A subgenome and tetrasomic for the B subgenome ( Supplementary Fig. 32 and Supplementary Data Set 9). Although we recognize that genetic exchange between the A and B subgenomes will tend to inflate the values calculated (especially for the A genomes), we estimated the dates of evolutionary divergence of the sequenced diploid genomes and the corresponding subgenomes of A. hypogaea. To estimate the genome-wide Arachis mutation rate, we mapped A. ipaensis Moleculo reads against the A. duranensis pseudomolecules. This gave a corrected median DNA identity of 93.11% (a value compatible with previous comparisons using BAC sequences 27 ). Considering the date of divergence of the A and B genomes as 2.16 million years ago (from K S values), this gives an Arachis genome-wide mutation rate of 1.6 × 10 −8 mutations per base per year (within the range of 1-2 × 10 −8 calculated for other plants 44 ). This mutation rate and the divergence of the most conserved chromosomes (presumably the ones that have undergone the least recombination between subgenomes; A01 and B07) gives an estimate of the divergence time of A. duranensis V14167 from the A subgenome of A. hypogaea as ~247,000 years and for the divergence time of A. ipaensis from the B subgenome of A. hypogaea as a remarkably recent ~9,400 years.
We used the chromosomal pseudomolecules to investigate the frequency of recombination between A and B subgenomes in 166 cultivated peanut RILs described in a previous study 41 . To do this, we calculated the mapping densities of restriction site-associated sequence reads from these RILs and their parental lines along the chromosomal pseudomolecules. Mostly, the relative dosage of mapping on the A and B genomes was equal and the same as in the parents, but for one line (RIL028) the relative dosage was dramatically altered for two homeologous chromosomal regions (Fig. 7) : 104-112 Mb on Aradu.A04 and 112-126 Mb on Araip.B04. In these regions, mapping to Araip.B04 almost disappeared and mapping to Aradu. A04 dramatically increased in density. This clear signal indicates that genetic exchange occurred between the A and B subgenomes in regions of the cultivated peanut genome that had balanced dosage in the parental lines. This seems most likely to have occurred by tetrasomic recombination, but gene conversion after the formation of an unresolved Holiday junction is also possible.
Diploid genome-guided tetraploid transcriptome assembly
Assemblies of transcribed sequences from tetraploid cultivated peanut are challenging because reads from genes on the A and B subgenomes are erroneously assembled together, resulting in chimeric sequences. We used the diploid genomes to minimize this collapse and produced tetraploid transcript assemblies. We assessed four assembly software approaches in three different ways: de novo assembly; parsing into A-and B-genome sets followed by separate assembly; and parsing followed by genome-guided assembly using the combined pseudomolecules. Results were compared by measuring the percentage of assembled transcripts that mapped back to the pseudomolecules without mismatches. Higher percentages indicate less Figure 7 Identification of genetic exchange between subgenomes in cultivated peanut. The top graph depicts the result of recombination between A04 and B04 in RIL028, and, for comparison, the bottom graph shows RIL025, a typical line where this type of recombination has not occurred (lines described in Zhou et al. 41 ). The y axis shows log 2 -transformed ratios of densities of mapping for restriction site-associated sequence reads along the diploid chromosomal pseudomolecules divided by the mapping densities of a parental line. The x axis shows the positions of mapping, in 1-Mb windows, along Araip.B04 (red dots) and Aradu.A04 (blue dots), the latter with distances scaled so the homeologous chromosomal pseudomolecules are directly comparable. In RIL028, the relative dosage of the subgenomes has changed greatly in the lower chromosome arms. This indicates that a new event of genetic exchange between the A and B subgenomes occurred. npg A r t i c l e s collapse, as collapsed transcripts can only map with mismatches. This analysis showed that the de novo assemblies were the least accurate, with the percentage of mismatch-free mapping ranging from 32.17 to 39.82%, followed by the parsed set assemblies (40.07 to 55.8%). Finally, the genome-guided assembly was the most accurate with 65.87% mismatch-free mapping (Supplementary Fig. 33 ). Using this workflow, together with filtering for transposable elements, low-expression transcripts and redundancy, we obtained 183,062 assembled A. hypogaea transcripts, of which we could tentatively assign 88,643 (48.42%) to the A subgenome and 94,419 (51.58%) to the B subgenome.
DISCUSSION
The peoples of South America have cultivated Arachis species since prehistoric times, but only the allotetraploid A. hypogaea was completely transformed by domestication to become a crop of global importance 45 . As a foundation to investigate peanut's genome, we sequenced its diploid progenitors A. duranensis and A. ipaensis. Comparisons of the chromosomal pseudomolecules of the diploid species with A. hypogaea show high levels of similarity, but, most notably, the cultivated peanut B subgenome is nearly identical to the genome of A. ipaensis. This similarity suggests a remarkable story for this particular Arachis population dating back to the time of the earliest human occupation of South America.
Arachis species have an unusual reproductive biology; although the flowers develop above ground, a special 'peg' structure (gynophore) pushes the young pod underground, where development is completed 46 . The seeds are protected and have privileged access to water at the beginning of the rainy season. However, they are not usually dispersed and germinate within an area of roughly 1 m in diameter covered by the mother plant. Therefore, populations are quite static over long periods of time: over a thousand years, they can usually move only about 1 km. Rarely, water-driven soil erosion will disperse seeds downhill. This pattern of dispersal, coupled with a high rate of self-pollination, has led to species distributions that consist of patchy, often highly homozygous populations distributed over areas defined by major river systems 47 .
Both sequenced accessions were collected in the most likely geographic region for the origin of cultivated peanut (Fig. 8) . Whereas A. duranensis is represented by numerous, genetically diverse populations in the region, A. ipaensis is only known to be from a single location (from where it may now have disappeared; G. Seijo, personal communication) . This site of occurrence of A. ipaensis is incompatible with natural seed dispersion: the closest relative of A. ipaensis, the biologically conspecific A. magna, occurs in numerous natural populations more than 500 km to the north and more than 200 m lower in altitude 45 . Therefore, it seems most likely that humans transported the seed that founded this population, and several lines of evidence indicate that this same population was involved in the formation of A. hypogaea. A. ipaensis is the only B-genome Arachis species ever found within the range of A. duranensis. Its site of occurrence is immediately adjacent to the center of diversity for the most primitive of the botanical varieties of cultivated peanut (A. hypogaea subsp. hypogaea var. hypogaea), and, most notably, it has extremely high DNA similarity with the B subgenome of A. hypogaea. We estimate that they diverged ~9,400 years ago, at a time when the region was becoming populated by early inhabitants 48 . The earliest archeological records of Arachis cultivation are about 7,800 years old from Peru, far from the most likely region of origin for A. hypogaea or any natural Arachis species distribution 49 . It seems likely that Arachis cultivation would have started within the native range well before then 11, 50 . The date of polyploidization is uncertain, but the earliest identifiable remains of A. hypogaea date from ~3,500-4,500 years ago 51 . For most plants, following polyploidization, sequence identity between the diploid progenitors and the polyploid subgenomes would have been dispersed by genetic recombination in subsequent generations. However, in the case of the B genomes, it persisted, perhaps owing to extreme genetic bottlenecks and reproductive isolation in both species (A. ipaensis and A. hypogaea). We think that this is a unique find among crop plants, which was possible because of the peculiar biology of the genus and the remarkable work of botanical collectors.
Building on their tractability as genetic systems, we sequenced peanut's diploid ancestors. We used them to identify candidate pest and disease resistance genes, to reduce collapse in tetraploid transcriptome assemblies and to show the impact of recombination between subgenomes in cultivated peanut. The availability of these genomes will lead to further advances in knowledge of genetic changes since the very recent polyploidization event that gave rise to cultivated peanut and to the production of better tools for molecular breeding and crop improvement. Figure 8 The approximate known distributions of A. duranensis and A. magna, the location of the single known occurrence of A. ipaensis and the center of diversity for the most primitive type of cultivated peanut, A. hypogaea subsp. hypogaea var. hypogaea. A. ipaensis is only known to be from a single location and is biologically conspecific with A. magna, which occurs far to the north and at lower altitude. The isolated occurrence and estimated divergence of the A. ipaensis genome from the B genome of A. hypogaea, only ~9,400 years ago, indicate that A. ipaensis was probably taken to its present location from the north by prehistoric inhabitants of the region. A. hypogaea was formed by hybridization of A. ipaensis with A. duranensis and polyploidization. The figure was generated using Natural Earth. npg set of rRNA sequences using Bowtie, allowing two mismatches per 25-bp seed, and mapped reads were discarded. rRNA contamination varied from as low as 0.39% to as high as 51%, but most libraries had between 1-2% rRNA contamination. A total of 2,064,268,316 paired-end reads (4,128,536,632 total 100-nt reads) were subjected to k-mer normalization using the Trinity package 78 . A script was used to randomly discard reads with mean k-mer coverage of more than 20.
URLs
Transcriptome assemblies. Adaptor and quality trimming was performed using Trim Galore! v0.3.5. Transcripts were assembled using the genomeguided pipeline from Trinity 79 . For A. duranensis and A. ipaensis, reads were mapped to their respective genomes using GSNAP 80, 81 . For A. hypogaea cv. Tifrunner, a diploid genome-guided tetraploid assembly was carried out: total reads were mapped to an in silico tetraploid genome (a concatenate of the chromosomal pseudomolecules of A. duranensis and A ipaensis). Once the reads were mapped, the SAM files were run through the genomeguided pipeline. Briefly, loci of reads were extracted into separate directories, where they were then assembled on a locus-by-locus basis. For the A. hypogaea cv. Tifrunner assembly, information on whether loci were guided by A. duranensis or A. ipaensis was retained so that transcripts were annotated as being either ' A' or 'B' .
Expression-based filtering of the final assembly of tetraploid transcripts. Total reads were mapped to the transcript assembly from the 58 libraries using Bowtie, allowing two mismatches in a 25-bp seed. Fragments per kilobase per million reads mapped (FPKM) values were estimated using RSEM 82 for each library. When reads map to multiple transcripts, RSEM fractionates the read count among the transcripts such that read counts are not integers. Transcripts were filtered out that had FPKM <1 for all 58 libraries using filter_fasta_by_rsem_values.pl from the Trinity package and were deemed lacking in minimum read coverage evidence to be supported. Expressionbased filtered transcripts were tested for redundancy using a custom script to retain locus information from the assembly in the transcript names. Filtering was performed using an intra-subgenome self-BLAST. Transcripts with 90% or greater coverage and 100% identity were filtered out, leaving the longer transcript. Transcripts were aligned to the annotated repetitive sequences from A. duranensis and A. ipaensis using GMAP 82 , with the following parameters: -n 4 where -n controls the number of paths.
Estimation of the accuracy of transcriptome assembly of A. hypogaea cv. Tifrunner using diagnostic sequences. A. duranensis and A. ipaensis pseudomolecules were fragmented into 100-bp fragments that were mapped to their opposite genome using Bowtie. The SAM files were filtered for fragments that mapped uniquely and completely (no clipping) with a maximum of only one mismatch to the opposite genome. These fragments were collected as diagnostic sequences. To test the accuracy of the assembled transcripts, diagnostic sequences were mapped to the transcript assembly using GSNAP with the following parameters: -n 1 -m 0 -A sam --nofails. Fragments diagnostic for A and mapping to A-derived transcripts were counted as correct, and those mapping to B-derived transcripts were counted as ambiguous. This testing was also done for B diagnostic transcripts.
Diploid protein comparisons. Assembled transcripts were compared to the combined A. duranensis and A. ipaensis predicted protein models using BLASTX (e value < 1 × 10 −20 ), and the best hit was taken for each. Using AWK, sets of hits were filtered for the following criteria: >80% amino acid identity and >70% coverage of the protein model; >80% amino acid identity and >80% coverage of the protein model; 90% amino acid identity and >80% coverage of the protein model; and >90% amino acid identity and >90% coverage of the protein model.
